Abstract. This paper describes the design and manufacture of a Miniature Unmanned Aerial Vehicle (MUAV) using the Stratasys TM 3D Rapid Prototyping (RP) machine. The main motivation for this work is to demonstrate the rapid product development capabilities of the machine. The polymeric material used in this process is Acrylonitrile-Butadiene-Styrene (ABS). Its superior properties allow the MUAV structure to be built accurately to design specifications. The advantage of this approach is the shorter time required for design, fabrication and deployment.
Introduction
Worldwide development activity of Miniature Unmanned Aerial Vehicle (MUAV) has become increasingly popular after their successful deployment in various military scenarios. In fact, the MUAV is increasingly used in civilian applications. Its potential applications include localized terrain and utilities inspection, remote sensing, disaster monitoring, environmental surveillance, search and rescue, law enforcement, aerial mapping, traffic surveillance and cinematography [1, 2] . This paper describes the development of a MUAV airframe intended to be used for carrying various mechanical/electronic devices to achieve some mission oriented tasks. The MUAV was built using the Stratasys TM 3D Rapid Prototyping (RP) machining method. The process uses Acrylonitrile-Butadiene-Styrene (ABS) as the construction material. It possesses several advantages as compared to the conventional materials used for building the MUAVs. The main advantage of this approach is that the MUAV can be manufactured immediately to design specification.
Typically the hobbyist Remote Controlled (RC) model aircrafts are used as platforms for MUAVs [2] . This is because of easier access to such miniature aircrafts, as compared to the time consuming effort required to fabricate the aircraft. Nevertheless, the adoption of the RC aircraft limits the use of the MUAVs as these model airplanes often have modest flight endurance, modest altitude and payload carrying capability. Furthermore, the payload carrying capability for the RC planes may not be sufficient to support the perpherals required for the MUAV's functionality.
The choice for using the 3D RP technique is driven by its simplicity in operation and its capability to produce the finished prototype at high quality within a short time window. Furthermore, this machine requires minimal maintenance. The default ABS polymeric materials used in this process is stronger compared to the conventional materials used in constructing the miniature aircraft, hence allowing the final build to exhibit several advantageous mechanical properties. This allows the use of lesser materials in the aircraft construction, hence increasing the sustainability of materials usages. The ABS material is highly recyclable, which is an advantage from the environmental point of view.
Design of the Aircraft
The aircraft has been designed as follows:
Wing Design. The wing was divided into two sections, the main wing and the Hoerner tip. The main wing structure consisted of 4 spars and 12 ribs. The wing tip consisted of 4 spars and 2 ribs, and the lower surface is canted 30 degree to the horizontal. The thickness of the spars and ribs are 3 mm and 2 mm, respectively. NACA 2412 [3] was selected as the wing profile. All the ribs, spars and tips were joined together as a single wing structure by using ABS solvent cement during the fabrication process.
Wing Loading. Load factor, n is defined as the ratio of the lift of an aircraft to its weight while performing a maneuver [4] . It is used to measure the amount of air-loads the wings are subjected to. The limit load factor is arbitrarily chosen based on the expected use of the aircraft [5] . The MUAV presented in this paper is designed to carry out missions like traffic monitoring and surveillance, therefore it is expected to behave like a transport aircraft. The typical value of limit load factor for this category of aircraft is 3 to 4 as suggested by Raymer in [5] . Limit load factor of 4 is selected for this design. A factor of safety of 1.5 is taken into account to the prescribed limit load to make the design loads on the wings. The weight of the UAV presented in this paper is 1 kg. Therefore, after taken into account the limit load factor and the safety factor, the maximum maneuvering load the wing structures have to withstand without breaking is 58.86 N.
The lift distribution on the wing is calculated by using the lifting line theory presented in [6] . This method covers the complete range of taper ratios and is suitable for wings with rounded tips and aspect ratios ranging from 2 to 20. The lift coefficient distribution along the right wing at level flight is shown in Fig. 1 . The similar distribution applies to the left wing as it is a mirror of the right. The lift force per unit length at each station along the wing is calculated by using Eq. 1.
Where, is the air density at Sea Level and is the cruising speed of the UAV. is the local chord length at a specific span coordinate and is the local lift coefficient of the wing section at that span coordinate.
The design load (maximum maneuvering load) is obtained by multiplying the lift load obtained from E.q. 1 with the limit load factor, n and safety factor, S.F.
The shear force distribution along the wing is obtained by integrating the lift force curve presented in Fig. 2 . The result is shown in Fig. 3 . The bending moment along the wing can also be found by integrating the shear force curve, as shown in Fig. 4 . The general equations for calculating the shear force distribution and bending moment distribution are given by E.q. 3 and E.q. 4., respectively. Finite Element Analysis. The entire airframe of the MUAV was designed and analyzed by using the CATIA CAE software. CATIA Generative Assembly Analysis (GAS) was used to analyze the wing. Fastened connections were used to constraint the ribs with the spars. The entire wing is modeled by 4-node tetrahedral element. The model has 809509 degrees of freedom.
The total mass of the MUAV is 1kg. Therefore the ultimate design load on each wing is 29.43 N with the distribution pattern as shown in Fig. 2 . As for the structural strength, the finite element analysis is done by assuming these loads are distributed evenly along the wing spars. The percentage of load for each spar is calculated by summing the moments about the aerodynamic center and pressure center of the wing. The results are presented in Table 1 . Fig . 5 shows the Von Mises stress contour from the FEM analysis. The result shows that the maximum stresses occurred at the third spar. The maximum tensile stress the spar suffered is 28.8 MPa. This value is still within the maximum tensile strength of the material (36MPa).
The maximum bending moment obtained from this analysis is 6.81 Nm, which is slightly higher (3%) than the actual design load shown in Fig. 4 . The results show the wing structure can support the maximum maneuvering load without failure.
Construction Material and the Fabrication Technique
The conventional miniature aircraft fabrication process often uses the balsa wood and the polystyrene material. These materials possess good strength-to-weight ratio, hence a favored choice for aircraft with lower-power propulsion configuration. Generally, they are used in the hobbyist RC aircraft owing to their light weight characteristic. Nevertheless, the use of these materials in the MUAV system that is controlled by an autopilot system could be a disadvantage during the conceptual build of the aircraft. The main reasons include: the tendency of the balsa wood to break at minor crashes due to low strength at lighter weight, the difficulty to control the degree of damage and its location in the event of crash, the difficulty to control the dimensional stability due to manual handling during the construction process, the difficulty to control the precision of the location of the Center of Gravity (CG), which is important in the aircraft design, and the environmental concerns especially when the polystyrene material is used. ABS material is a terpolymer which is formed by chemically combining three distinct polymeric components. This material has earned its renowned fame due to its wide acceptance across a diversity of the end uses [7] . In general, this material exhibit high recycles possibility and good mechanical properties. It is thus a favorite choice for building polymeric prototypes in various engineering applications. Table 2 , compares the mechanical properties of ABS with the conventional materials used for constructing the MUAV. Generally, ABS has higher maximum density as compared to balsa wood and extruded polystyrene. Its tensile strength is relatively higher than extruded polystyrene but lower than the maximum tensile strength of balsa wood. The flexural modulus that governs the tendency of Advanced Materials Research Vols. 308-310bend for ABS material is higher than the other materials. This is an advantage when building the slender wing structure. Last but not least, the ABS material shows excellent resistant to impact loading, which is crucial for reducing the damage to the aircraft in the event of the accidental crash. Data obtained from an Izod impact test shows that the ABS materials perform exceptionally as compared to balsa wood and extruded polystyrene material. 
Aircraft's Technical Specification and the Build Method
The technical specification for the MUAV is listed in Table 3 , which was derived with the aid of static stability, control and dynamic derivative calculations conducted by using the USAF Stability and Control Digital DATCOM software. The 3D, side view and the top view CAD drawings for the MUAV are shown in the Fig. 5, Fig. 6 and Fig. 7 , respectively. Basically, the parts used in the wing construction are fabricated as separate pieces by the RP process. These pieces are assembled together using the ABS solvent cement to form the wing structure. Due to the high dimensional stability, a smooth surface of the wing platform is achieved at the final stage of the construction. The cockpit, the wing and the tail structure (elevator and rudder) are then connected using thin walled Carbon fiber square tubes. Finally, iron-on polymeric film is used to cover the wings and the control structure of the aircraft (as shown in Fig. 8) . 
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Fault Prevention Techniques
The direct shortcoming of using ABS is its higher density as compared to balsa wood and extruded polystyrene materials (see Table 2 ). This will create a heavier aircraft structure of a similar form factor as compared to the other materials. The direct consequence of this is the need for a stronger power-plant and higher power consumption. Nevertheless, the use of the RP machine has helped to compensate this weakness. This is because the extreme fabrication flexibility and precision allows the construction of a light-weight frame structure (as shown in Fig. 9 ), which consume less materials without compromising its mechanical performance and reliability. Fig. 9 . The mainframe of the MUAV testbed, which was designed as a light-weight frame structure that helps to reduce the materials consumption without compromising its mechanical performance and reliability.
Apart from the use of the light weight frame structure to reduce weight of the aircraft, special design considerations have been given to reduce the adverse consequences caused by an accidental crash. This is because; no aircraft could sustain the crash incidence without experiencing direct damage on its body and components. Due to the higher flexural modulus of the ABS materials, the possibility for the damages to happen at the wings is less likely. Nevertheless, the breaking of the motor bracket, as well as the cockpit is possible. An example is shown in Fig. 10 , which clearly displays the breakage of the motor bracket and some minor portions of the frontal body. The wing and all control surfaces remain intact. The aircraft has been designed in such a way that the motor bracket, the wing and the tail structure are not directly affixed to the cockpit of the aircraft. Instead, various mechanical joints (screws, etc) are used to attach them in the assembly process. This greatly reduces the effort and time required for making repair and parts replacement since a number of spare parts could be prepared beforehand.
Conclusions
This paper has presented the design and construction of a fixed wing aircraft structure, by using the Stratasys TM 3D RP method with ABS material. An earlier study on the material properties of the ABS has shown its advantageous over the other conventional construction materials used for building the MUAV. The ABS material is thus identified as suitable for the construction process. Numerical and FEM analysis showed the wing structure constructed by using ABS material was able to support the maximum maneuvering load without failure. The weight of the MUAV has been significantly reduced by reducing the materials needed through the adoption of a light-weight frame design. Furthermore, deliberate design consideration has been taken to prevent the severe consequences caused by the accidental air crash during test and experimental stages. .
